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The aim of the study was to investigate myocardial perfusion using cardiovascular magnetic resonance in patients with arterial hypertension and a history of chest pain and normal coronary angiography, and to estimate the influence of left ventricular hypertrophy on the parameters of myocardial perfusion.
Methods
The study included 102 patients (mean age 55.4 W 7.7 years) with well controlled hypertension and 12 healthy volunteers. In 96 patients, myocardial first-pass perfusion cardiovascular magnetic resonance both at rest and during an infusion of adenosine 140 mg/kg/min was performed. Semiquantitative perfusion analysis was performed by using the upslope of myocardial signal enhancement to derive the myocardial perfusion index and the myocardial perfusion reserve index. The study group was divided according to the presence of left ventricular hypertrophy in the cardiovascular magnetic resonance examination: group with left ventricular hypertrophy (n U 40) and without left ventricular hypertrophy (n U 56).
Results Independent of the presence of left ventricular hypertrophy, there were significant differences in baseline myocardial perfusion index between hypertensive patients and controls (0.13 W 0.07 vs. 0.04 W 0.01; P < 0.001), and in stress myocardial perfusion index (hypertensive patients 0.21 W 0.10 vs. controls 0.09 W 0.03; P < 0.001). In hypertensive patients, the myocardial perfusion reserve index was reduced in the mid and apical portions of the left ventricle (1.71 W 1.1 vs. 2.52 W 0.83; P < 0.02). There was no significant correlation of myocardial perfusion reserve index with left ventricular mass or hypertrophy.
Introduction
Arterial hypertension is well established risk factor responsible for cardiovascular morbidity and mortality. The relationship between blood pressure and coronary events is linear and continuous, starting from the levels of blood pressure between 115-100 mmHg for systolic and 75-70 mmHg for diastolic [1] . Chronically elevated blood pressure causes changes in the coronary circulation characterized by a reduction of coronary vascular reserve and acceleration of the atherosclerotic process. However, a number of hypertensive patients complain of angina despite no obstructive coronary heart disease [2] [3] [4] .
Although in these patients, multiple mechanisms may be involved in coronary flow reserve (CFR) reduction, it still remains controversial whether this reduction occurs as a consequence of increased afterload itself or because of the development of left ventricular hypertrophy (LVH).
Cardiovascular magnetic resonance (CMR) offers the possibility to study noninvasively myocardial perfusion [5, 6] . Recently, several interesting CMR studies [7] [8] [9] examined the myocardial blood flow and flow reserve in patients with cardiac X syndrome. Although some data about microvascular dysfunction in patients with normal coronary angiograms are available, this issue has not been examined in the specific group of patients with arterial hypertension.
Thus, the aim of our study was to assess myocardial perfusion in patients with essential hypertension, a history of chest pain and normal coronary angiography. Moreover, we investigated the relationship between myocardial perfusion and left ventricular mass (LVM) and hypertrophy.
Patients and methods

Study population
We studied 114 individuals: 102 patients with essential arterial hypertension (35-65 years old) and 12 healthy volunteers. The hypertensive group consisted of consecutive patients with the history of chest pain, referred for the elective coronary angiography to the I Department of Cardiology and Hypertension between November 2003 and July 2006. Sixty-nine patients referred for coronary angiography had positive results of electrocardiographic exercise tests, 22 positive thalium-201 perfusion scintigraphy, five positive dobutamine stress echocardiography and six were admitted to the coronary care unit with the history of chest pain at rest (on the basis of repeated blood tests, consecutive electrocardiographical examinations and negative coronary angiography; in all of them acute coronary syndromes were excluded). Controlled mild and moderate hypertension, normal coronary angiograms and preserved left ventricular systolic function comprised the inclusion criteria. Patients with diabetes mellitus, valvular heart diseases, primary myocardial diseases, contraindications to the magnetic resonance imaging (claustrophobia, electrically, magnetically or mechanically activated implants), contraindications to adenosine infusion (asthma, carotid arteries atherosclerosis, arrhythmias and conduction disturbances) were excluded from the study. In patients treated with angiotensin-converting enzyme inhibitors and calcium channel blockers, therapy was withdrawn and replaced with b-blockers and/or diuretics 6-8 weeks before the study procedures.
The myocardial-perfusion CMR was performed in 97 patients (five patients were excluded because of the newly diagnosed claustrophobia) and, in one patient, the image analysis was not possible because of low quality of CMR. Thus, finally after the study procedures, data from 96 patients were analyzed. The control group consisted of 12 individuals with no cardiovascular risk factors, with optimal blood pressure values. All individuals were included in the study after providing their written informed consent. The study protocol was approved by the Bioethics Committee of the Jagiellonian University (KBET/506/ 2003).
Procedures
The following procedures were performed: clinical assessment with detailed history taking, office blood pressure measurements according to European Society of Hypertension-European Society of Cardiology (ESH-ESC) guidelines [10]), anthropometric measurements, 24-h ambulatory blood pressure monitoring (ABPM) and electrocardiograph (ECG) monitoring. After the assessment of blood pressure control with ABPM and exclusion of heart rhythm disturbances (ECG monitoring), myocardialperfusion CMR with adenosine infusion was performed.
Twenty-four-hour ambulatory blood pressure monitoring ABPM was done with use of validated oscillometric SpaceLabs 90207 monitors (Redmond, Washington, USA) fitted with the same cuff size as for conventional measurements. Blood pressure readings were obtained every 15 min from 08:00 to 22:00 h and every 30 min from 22:00 to 08:00 h. The mean systolic and diastolic blood pressure was calculated over the entire 24 h and separately in the night and in the day, and the circadian pattern was analyzed.
Twenty-four-hour continuous ECG recording ECG recording was performed using analogue tape recorders (Marquette Medical Systems, GE Healthcare Clinical Systems, Milwaukee, Wisconsin, USA). Analysis was done using a computer and original DRG software (DRG International Inc., Mountainside, New Jersey, USA). The following parameters were assessed: maximal, mean and minimal heart rate, and presence and type of cardiac arrhythmia.
Myocardial-perfusion cardiovascular magnetic resonance
The patients were instructed to avoid any caffeinecontaining beverages 24 h before CMR and to be preprandial on the day of the test. Before testing, an intravenous line was positioned in the antecubal veins in both arms. We used a single cannula for administration of contrast and a separate cannula for the administration of adenosine. Imaging was performed with a 1.5-T whole body magnetic resonance scanner (Magnetom Sonata, Siemens, Erlangen, Germany) using a two-element and later six-element phased array cardiac receiver coil, and with the patient in a supine position. CMR consisted of localization sequences, adenosine stress and rest perfusion tests and LV mass examination. The following multislice localizers T1 SE were performed: three coronal, three sagittal, three transversal. Retrospective triggered segmented cine steady state free recession (SSFP): two-chamber, fourchamber cine-views, LV outflow tract. Parameters are as follows: slice 10 mm, gap 0, base resolution 192, phase resolution 72, 25 phases, average 14 segments with arrhythmia detection as appropriate. To obtain the first-pass contrast-enhanced images, a saturation prepared single shot SSFP was applied.
For stress and rest perfusion imaging, the nonselective saturation recovery SSFP sequence was performed. The image acquisition was performed in three slices: shortaxis orientation, positioned in the aid of the localizers (basal, medial, periapical), distance factor optimized to the size of heart, slice thickness 8 mm, minimum possible repetition time 172 ms, echo time 1.06 ms, flip angle 508, receiver bandwidth 1370 Hz/pixel, minimal image matrix 192 Â 144.
Preaquisition with 10 measurements was performed during inspiration. Images were inspected to verify slice positioning, field of view, and to check for presence of wrap around artifacts. Acquisitions were repeated with modified field-of-view, if necessary. Adenosine was injected with dose of 140 mg/min/kg for 4 min. During adenosine perfusion, heart rate was monitored continuously and blood pressure was obtained every 1 min. The perfusion imaging started after 3 min of adenosine injection. Using the same protocol as that used at baseline with setting measurements 50-60, images were acquired on inspiration. Ten to fifteen minutes after the end of the stress infusion, the rest perfusion examination was performed using the same protocol. The analysis of first pass perfusion study was based on the 16-segment heart model, dividing the left ventricle into six basal, six mid-ventricular and four distal segments. Analysis of the MR images was done both visually and semiquantitatively. The observer of the CMR was blinded for the results of other diagnostic procedures. First-pass perfusion contrast-enhanced MR images were assessed for the presence or absence of regions of reduced contrast uptake. The perfusion and data were postprocessed and were assessed manually using CMR tools software (CVIS Ltd, London, UK). The endocardial and epicardial contours on perfusion images were traced and corrected manually for cardiac motion. Each slice was divided respectively into six (basal, medial) or four (periapical) equiangular segments, starting from the inferior septal insertion of the right ventricle. To obtain information about the input function, an additional region was drawn in the left ventricular cavity. For each of the defined regions, a curve was generated showing relative signal intensity plotted against time. The maximum upslopes of the myocardium and the left ventricular blood pool were determined using five-point slopes. The results for the myocardial regions were corrected for differences in the arterial input function of the contrast agent bolus by dividing the myocardial upslope with the left ventricular blood pool upslope. A myocardial perfusion reserve index (MPRI) was calculated by dividing the values at maximal vasodilatation by the values at rest. Global cardiac function and mass were assessed by calculating left ventricular end-diastolic and end-systolic volumes using planimetry of all short-axis images in each patient. Normal LVM and left ventricular mass index (LVMI) ranges in CMR examination already established in other studies were used to categorize patients [11] . These normal ranges expressed over a range of 2 SD from the mean equated with 85-181 g or 46-83 g/m 2 for men and 66-114 g or 37-67 g/m 2 for women, respectively [11] . LVH was defined as more than 2 SD above the normal range; thus, these ranges were used to categorize the hypertensive group into subgroups with and without LVH.
Statistical analysis
We used the Statistica 6 PL software package, version 6.12 (StatSoft Inc, Tulsa Oklahoma, USA) for database management and statistical analysis. The Shapiro-Wilks W-test was used in testing for normality of distribution. Comparisons of means and proportions involved the standard normal t-test and the chi-square statistics, respectively. Differences and interactions between study groups were evaluated by two-way analysis of variance (ANOVA) and a posthoc Tukey test, for unequal sample sizes (Spjotvoll-Stoline test). Univariate correlations were tested by Pearson's method. P < 0.05 was considered statistically significant.
Results
Characteristics of the examined groups
The study group consisted of 67 women and 29 men with mild or moderate essential hypertension and history of chest pain with normal coronary angiographies. The control group consisted of 12 healthy volunteers (seven women and five men) without cardiovascular risk factors and with negative family history concerning cardiovascular disorders. Detailed characteristics of the study group are shown in Table 1 . The two groups did not differ according to sex. Controls were younger than those in the study group; thus, in further analyses, data were adjusted to age. Hypertensive patients had significantly higher BMI. Patients with arterial hypertension, (despite reaching blood pressure control targets), had higher blood pressure values from 24-h blood pressure monitoring compared with normotensive healthy volunteers.
The hypertensive group was divided on the basis of the presence of LVH according to CMR examination. Patients with LVH (n ¼ 40) were compared with those without LVH (n ¼ 56). Subgroups did not differ according to age, duration of hypertension, BMI, or blood pressure values. Data are summarized in Table 2 .
Myocardial perfusion assessment There were significantly higher values of baseline myocardial perfusion index (MPI) in the hypertensive patients compared with those in the controls in all of the 16 analyzed segments (both in subendocardial and subepicardial areas) of left ventricle (mean for 16 segments for hypertensive patients vs. controls was 0.13 AE 0.07 vs. 0.04 AE 0.01; P < 0.001). In both hypertensive and normotensive groups, a significant increase in MPI was observed after adenosine infusion (in hypertensive patients, mean increase in MPI was 0.076 AE 0.05; P < 0.001 vs. controls 0.051 AE 0.01; P < 0.001).
Differences between groups in MPI in all 16 analyzed segments remained significant after adenosine infusion (mean MPI for 16 segments for hypertensive patients was 0.21 AE 0.10 vs. controls 0.09 AE 0.03; P < 0.001). The values of MPI at rest and after adenosine infusion separately for endocardial and epicardial areas (means for 16 segments) are shown in Fig. 1 . The differences in MPI both at rest and after adenosine infusion between hypertensive patients and controls remained significant after normalization for LVM and double product (systolic blood pressure multiplied by heart rate) both and separately (Table 3 ).
An index for myocardial perfusion reserve was calculated as the ratio of the MPI during stress to the MPI at rest. The MPRI for the entire transmural extent of the myocardium in hypertensive patients was 1.85 AE 0.75 and in controls, 2.30 AE 0.34 (P ¼ 0.04). There was no significant difference between the MPRI in the subendocardium and the subepicardium in hypertensive patients (1.75 AE 0.73 vs. 1.89 AE 0.79, P ¼ 0.14) and controls (2.07 AE 0.67 vs. 2.34 AE 0.66, P ¼ 0.11). The mean subendocardial : subepicardial MPRI ratio in the examined population was 1.06 þ 0.36. None of the patients had a subendocardial : subepicardial MPRI ratio less than 0.72, which has been proposed as the optimal cut-off for distinguishing between normal controls and subendocardial hypoperfusion in patients with syndrome X [7] . (Fig. 2) . In the twoway AVOVA (influence of both hypertensive group and segment position), we did not show significance of this interaction (P ¼ 0.21).
Analyzing groups with and without LVH, higher values of MPI (both in subendocardium and subepicardium) were found in patients with LVH, although this difference was at borderline level of significance (Fig. 2) . Groups with and without LVH did not differ according to MPRI in any of analyzed segments of left ventricle. Analyzing left ventricular mass as a continuous variable, there was no correlation between LVMI and MPRI (Fig. 3) .
The MPRI was further analyzed in categories using a median of MPRI: 1.8 as a cut-off value to stratify patients into two groups. The duration of hypertension was not significantly higher in the group with lower MPRI. There were no differences between groups with respect to BMI and LVMI. There was, however, a significantly higher nighttime blood pressure in patients with MPRI less than 1.8 (Table 4) .
Discussion
The main finding of our study is that, in mild and moderate hypertensive patients, with a history of chest pain and normal coronary angiograms, and despite blood pressure control, both rest and stress MPIs are increased and this is neither explained by increased myocardial demand nor by LVH. Moreover, in hypertensive patients, MPRI in middle and apical segments is decreased compared with normotensive controls.
CMR is a relatively new tool for the assessment of myocardial perfusion, but its place in the detection of myocardial ischemia and CFR is well established [5] . Studies [6, 12, 13] show that the sensitivity of CMR in myocardial perfusion assessment is similar to the positron emission tomography, which is considered to be a gold standard for perfusion investigations. However, the use of this technique is limited by its reduced availability. CMR is widely used for assessment of myocardial perfusion in patients with obstructive coronary heart disease [5, 14] . But its utility has been shown also in patients with chest pain and no obstructive coronary artery disease in coronary angiography [7] . Panting et al. [7] has shown that, in 20 patients with cardiac syndrome X, CMR demonstrated subendocardial hypoperfusion during intravenous administration of adenosine. These data were confirmed by most recent results of Lanza et al. [8] . In the group of 18 patients with cardiac syndrome X, CFR impairment (measured by transthoracic Doppler echocardiography in left anterior descending artery during adenosine infusion) was accompanied by dobutamine-induced perfusion defects observed in CMR [8] . However, both of these studies are at variance with the results of study by Vermeltfoort et al. [9] . In 20 patients with chest pain and normal coronary angiograms, significant perfusion responses to adenosine in both the subendocardium and subepicardium were documented. Thus, no evidence for subendocardial hypoperfusion was found, although visual findings of perfusion defects were present, but labeled as artifactual. The above-mentioned studies differ with respect to studied population. Although all included patients had chest pain and normal coronary angiography, Vermeltfoort et al. [9] examined patients with abnormal perfusion in single photon emission computed tomography (hypertension excluded), Lanza patients with effort angina and exercise-induced ST-segment depression (61% had hypertension) [8] and Panting patients having ST-segment depression with exercise but with excluded hypertension, diabetes and LVH [7] . As patients with chest pain and normal coronary angiograms are a heterogenous population, there are difficulties in making direct comparisons between cited studies. Our study group consisted of well phenotyped patients with clearly defined and mild and moderate arterial hypertension. Studies with CMR have not been used to analyze the myocardial perfusion in this specific group of patients. This issue, however, was addressed in the studies using other methods for coronary microcirculation investigations, both invasive and noninvasive, and the results obtained are inconsistent.
An important finding in our study is the substantial difference in MPI between hypertensive patients and controls, at rest and during adenosine infusion. Resting myocardial blood flow, commonly referred to as autoregulated blood flow, correlates with myocardial oxygen consumption and is determined primarily by left ventricular wall stress, myocardial contractility and heart rate [15] Thus, increased baseline perfusion in our study group may reflect an adaptive mechanism, compensating increased oxygen demand of the heart working under increased afterload. On the contrary, even after normalization of the MPI to both double product and LVM, the differences between hypertensive patients and normotensive individuals remained significant. The mechanisms responsible for this observation are not clear, but it seems that, in the presence of long lasting systemic hypertension, simple relation between autoregulated flow and rate-pressure product and LVM is altered by interplay of other factors such as wall stress and left ventricular inotropic function, which may contribute to a variable extend to changes in resting oxygen demand.
Our observation of increased rest myocardial blood flow in hypertensive patients is in agreement with the results obtained by Kjaer et al. [16] . Comparing myocardial perfusion with positron emission tomography in elite athletes with LVH, hypertensive patients with LVH and normotensive age-matched controls, they found that hypertensive patients have 25% higher baseline myocardial perfusion. After vasodilatation with dipyridamole, the perfusion index did not differ among groups. Thus, decreased flow reserve in hypertensive patients with LVH resulted mostly from higher baseline perfusion. Similar data are reported by Kozakova et al. [17] . In 33 hypertensive patients with and without LVH, rest coronary flow measured by transesophageal Doppler echocardiography in left anterior descending artery was significantly higher than that measured in 10 normotensive controls. Hypertensive patients also showed blunted response to low-dose dipyridamol with subsequent decrease in CFR, which was independent of LVM.
Coronary microcirculation in hypertension
Our results are interesting in light of studies with invasive measurements of CFR [18] . Hypertensive patients with LVH had higher coronary flow at rest compared with both hypertensive patients without LVH and normotensive controls. Consequently, the decrease in CFR compared with the control group was significant only for patients with hypertension complicated with LVH.
As per our data, patients with LVH had higher MPIs than those without LVH, both at rest and during adenosine-induced vasodilation. However, both groups reacted with significant increase in perfusion during adenosine infusion, which resulted in no differences in MPRI.
In hypertensive patients (independent of LVH), significant reduction in MPRI was found for middle and apical portions of left ventricle. Taking into account that the differences observed in MPRI between hypertensive patients and controls in our study do not refer to territories of coronary arteries and affect the mid and apical portions of the left ventricle, it indicates the diffused microcirculation disturbances in these areas, independent of LVM. Heterogeneity of microvascular dysfunction has already been described in untreated hypertensive patients with normal coronary angiograms and increased LVM [19] and in patients with chest pain not attributable to coronary artery disease [20] .
Several possible mechanisms could explain a reduced myocardial perfusion reserve in hypertensive individuals. They include structural remodeling of the coronary microvasculature, inadequate neoangiogenesis and accumulation of fibrillar collagen in the myocardium [21, 22] . Vascular remodeling increases coronary resistance as it is associated with the reduction in arteriolar lumen and eventually leads to the reduction in the density of arterioles and capillaries in the vascular bed [23] .
A second mechanism is related to LVH, in which resting myocardial blood flow may be increased to supply the hypertrophied myocardium. But even in hypertensive patients without LVH, an increase in baseline myocardial flow may occur to compensate increased oxygen demand due to increased left ventricular loading conditions. In the present study, we observed a significant increase in baseline global MPIs in hypertensive patients compared with normotensive controls only partially explained by increased LVM.
The lack of correlation of LVH with myocardial perfusion during adenosine-induced hyperemia observed in our study and other cited works, suggests that decreased perfusion reserve in hypertension results mostly from primarily increased vascular tone and/or impaired vasodilation capacity, independent of LVH.
The endothelium has been recognized to be a major regulator of vascular tone and growth. Both experimental and clinical studies [24] [25] [26] have demonstrated the relationship between arterial hypertension and endothelium-dependent relaxation impairment. Adenosine dilates coronary arteries through both specific endothelial receptors linked to the release of nitric oxide and direct vasodilatation via receptors in vascular smooth muscle cells, leading to activation of adenylate cyclase and membrane hyperpolarization [27, 28] . Thus, the lower MPRIs observed in hypertensive patients in our study might be related to decreased vasodilation via both endothelium dependent and independent pathways, although a clinical study such as ours cannot clearly identify the mechanisms responsible for the reduced coronary vasodilation response for adenosine infusion. It is of note that endothelial function impairment in hypertension detected by flowmediated dilation of the brachial artery correlates with coronary perfusion disorders [26, 29] . An interesting observation was found in patients with cardiac syndrome X, in whom microcirculatory response to cold (i.e. reflecting the endothelium function) was normal suggesting preserved microcirculatory endothelial function [30] . However, a markedly attenuated hyperemic flow and flow reserve suggested a dysfunction of the adenosinemediated endothelium-independent vasodilatation at the microcirculatory level in these patients.
Independent of the mechanism of coronary microvascular dysfunction, it has been shown that myocardial perfusion impairment in patients without obstructive coronary artery disease negatively influences patient's prognosis (higher rates of angina hospitalizations, repeated angiographies) and therapeutic costs [25, 31, 32] .
Limitations
In the present study, parameters of myocardial perfusion were analyzed in the group of hypertensive patients with a history of chest pain, and our results should not be extended to the whole hypertensive population. However, there are data available concerning CFR impairment in the asymptomatic, untreated patients with borderline hypertension [33] . A possible limitation of this study is the inclusion of treated hypertensive patients. Only patients with blood pressure control, achieved with therapy based on b-blockers and/or diuretics, entered the study. Data on the influence of different therapy regimen on myocardial perfusion and CFR are limited to a number of human and animal studies with inconsistent results. However, the angiotensin-converting enzyme inhibitors, angiotensin receptor blockers as well as calcium channel blockers are known to increase flow reserve [34] [35] [36] . Diuretic therapy does not significantly affect either coronary flow or flow reserve, but there have been a very few studies conducted on the long-term effects of diuretic therapy on the microcirculation. Hydrochlorothiazide therapy was reported to have no beneficial effect on structural changes in precapillary resistance vessels in hypertensive patients [37] . Critically analyzing our data, the influence of treatment with b-blockers has to be taken into account as a factor limiting study results. However, there is little evidence that b-blockers exert a marked beneficial action on microvessel structure. Treatment with propranolol had no effect on the crosssectional area of the vessel wall or the external diameter of maximally dilated arterioles in spontaneously hypertensive rats [38] . In hypertensive patients, treatment with atenolol for 1 year produced no significant improvement in the media-to-lumen ratio of small peripheral arteries [39] . On the contrary, more recent studies [40] employing selective b-1 adrenergic receptor blockade with metoprolol showed that it may modulate both resting and hyperemic flow. In 10 healthy volunteers, examination by positron emission tomography during dipiridamol vasodilatation showed that b-1 receptor blockade reduced resting blood flow and increased myocardial flow reserve. The influence of metoprolol on CFR was shown to result from its influence on the rate-pressure product.
As we adjusted our results of myocardial perfusion for rate-pressure product, it is unlikely that b-blocker therapy significantly influenced our results and conclusions.
For ethical reasons, invasive assessment of coronary arteries in normotensive controls was not possible. The clinical data (no cardiovascular risk factors, negative family history of cardiac diseases) and additional examinations performed minimize the probability of significant coronary atherosclerosis in the controls.
Conclusion
In patients with mild or moderate hypertension and a history of chest pain with normal coronary angiography, there is regional myocardial perfusion reserve impairment, which is independent of the presence of LVH and may be a reason for angina.
